INTRODUCTION
Evidence accumulated during recent years indicates that the cells of the macrophagemonocyte phagocytic system are the cells that principally support replication of dengue virus in man, monkey and mouse. In man, studies have been carried out mainly on isolates from cases with haemorrhage/shock. Dengue virus has been recovered from the peripheral blood monocytes (Scott et al., 1980) ; shown by electron microscopy in macrophages of glomeruli (Boonpucknavig et al., 1976) ; and by a fluorescent antibody technique in the mononuclear cells of skin rash (Boonpucknavig et al., 1979) , Kupffer cells of liver, and macrophages of thymus, spleen and lungs of such cases (see Halstead, 1981a) . The virus also replicates in blood phagocytic cells cultured in vitro . Similar observations have been made in rhesus monkeys with respect to virus isolation from blood monocytes, replication in cultures of spleen, thymus and lymph node macrophages and the distribution of virus antigen in macrophages of different organs (Marchette et al., 1976; Halstead, !981a) . In the mouse, dengue virions have been demonstrated in macrophages of spleen (Nath et al., 1983) and virus antigen has been demonstrated in Kupffer cells, and in macrophages of the spleen and peritoneal cavity (Hotta et al., 1981 a, b) . Replication of dengue virus in human (Brandt et al., 1981) and mouse macrophage cell lines (see Halstead, 1982) has been reported. On the other hand, the phagocytic and migratory functions of macrophages are adversely affected in dengue virus-infected mice due to the production of a cytotoxic factor (CF) in the spleen (Gulati et al., 1982) which also suppresses the macrophage functions of human blood leukocytes in vitro (Chaturvedi et al., 1982a) and induces mouse macrophages to produce a cytotoxin (Gulati et al., 1983 a, b, c) . The role of macrophages in various immune phenomena in dengue virus infection have been described (Chaturvedi et al., 1981b (Chaturvedi et al., , 1982b  u.C. CHATURVEDI, R. NAGAR AND A. MATHUR Shukla & Chaturvedi, 1982 . Due to the extensive involvement of macrophages in dengue virus infection it has been termed 'Macrophagitis' (Halstead, 1981b) .
Recently the mechanism of macrophage infection by dengue virus has been studied in some detail by Russell and co-workers. They have suggested that the virus can infect monocytes in one of two ways: through a trypsin-sensitive virus receptor or through a trypsin-insensitive Fcreceptor (Russell, 1981; Daughaday et al., 1981) . Immune enhancement of dengue virus infection by a non-cytophilic antibody, as shown by Halstead (1981b) , occurs through Fcreceptors of monocytes. The present study was undertaken to investigate Fc-receptor-mediated functions of macrophages during dengue virus infection of mice.
METHODS
Mice. The inbred Swiss albino mice used were about 4 months old and were obtained from the colony maintained in this Department.
Virus. Dengue virus (DV) type 2 was in the form of adult mouse brain suspension. The virus was titrated in mice by intracerebral (i.e.) inoculation of tenfold dilutions of a 10~ (wet w/v) suspension of the organ and the titres have been expressed as loglo LDs0 per g wet weight (Chaturvedi et al., 1978a) . The details of the virus and the DVinfected mouse experimental model have been described (Chaturvedi et al., 1977 (Chaturvedi et al., , 1978a . In all the experiments reported, a dose of 1000 LDso i.e. of the virus was used.
Fluorescent antibody study of DVantigen. Smears prepared from the spleen and peritoneal cells were fixed in chilled acetone, then treated with virus-specific antisera and prepared for indirect fluorescent antibody study (Gardner & McQuillin, 1981) . The smears were examined in transmitted light using a Leitz Dialux 20 fluorescence microscope.
Peritoneal macrophages. The peritoneal cavities of mice were lavaged with 5 ml heparinized medium containing antibiotics and the resident cells were collected. A portion of the cell suspension was used for total cell count and for preparation of smears which were stained with Leishman's stain for differential cell counts (Dacie & Lewis, 1977) . The remaining cell suspension was washed once and cultured on 20 mm by 20 mm coverslips placed in Petri dishes. The medium consisted of Eagle's minimal essential medium (MEM) buffered with HEPES and containing 10 ~ foetal calf serum. The cultures were incubated in a humidified incubator at 37 °C in the presence of 5 ~ CO2. After 2 h the coverslips were flushed with medium to remove non-adherent cells. The glass-adherent cells were considered to be macrophages on the basis of phagocytosis of neutral red dye and latex particles and the morphology of the cells. Monolayers of these cells were also tested for rosetting and phagocytosis of opsonized sheep erythrocytes, which were prepared by the technique of Stuart et al. (1978) .
Splenic macrophages. A single-cell suspension of spleen was prepared (Chaturvedi et al., 1978 b) . The cells were cultured on coverslips placed in Petri dishes as described for peritoneal macrophages and glass-adherent cell monolayers were obtained for further testing.
Tests for attachment and phagocytosis of sheep erythrocytes. Monolayers of macrophages cultured on coverslips for
2 h were washed and incubated with fresh haemolysin-coated or control sheep erythrocytes, at about 100 red blood cells per macrophage, for 1 h at 37 °C with frequent gentle shaking. The coverslips were then washed thoroughly with Hanks' balanced salt solution then air-dried, fixed in methanol and stained with Leishman's stain (Dacie & Lewis, 1977) . The numbers of red blood cells (RBC) bound to each macrophage were counted in 100 or more macrophages on duplicate coverslips. The attachment index (AI) is expressed as the mean number of erythrocytes attached to 100 macrophages. Similarly, the red blood cells ingested by the macrophages were counted and the number of cells ingested by each macrophage was scored. The phagocytic index (PI) was calculated and is expressed as the mean number of red blood cells ingested per 100 macrophages (Bianco, 1976) as AI or PI = total no. of RBC attached or ingested x 100/total no. of macrophages -no. of negative macrophages.
Plan of study. The effect of DV infection on Fc-mediated sheep erythrocyte attachment and their phagocytosis by peritoneal and splenic macrophages was studied. Mice were inoculated with 1000 LDso of DV i.e. and were sacrificed in groups of 6 to 12 at days 1 to 10 post-infection. At autopsy the peritoneal and splenic cells were collected from individual mice, macrophage monolayers were prepared, and the above tests were done in duplicate on cells from each mouse. The mean values _+ standard deviation are presented after subtraction of background attachment or ingestion of non-opsonized RBC. The data were analysed using Student's t-test. A probability (P) value of less than 0.05 was considered significant.
RESULTS
Mice were inoculated with DV i.c. and various parameters were studied daily up to day 10 after infection. The mice remained apparently healthy up to the 5th day and then became seriously ill with development of hind limb paralysis from the 8th day, and all had died by day 10. Time ( 
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Fluorescent antibody study of macrophages for D V antigen
Smears prepared daily were screened for the presence of dengue virus antigen in glassadherent cells. The spleen cells showed DV antigen from day 4 (Fig. 1 a) and the peritoneal macrophages from day 5 post-infection (Fig. I b) with maximum numbers of cells showing antigen on day 8. 43 + 9 28 + 9 29 + 13 63 + 14 25 + 11 12 + 6 8 29 + 9 29 + 13 42 +_ 9 55 + 27 25 ± 15 20 ± 16 9 28 ± 9 27 ± 8 44 ± 13 65 + 13 20 + 9 13 ± 5 10 27 ± 5 29 + ll 44 + 10 50 ± 4 31 + 9 18 ± 8 Uninfected (control) 7 + 2 13 + l0 80 + 8 39 + 7 39 ± 10 22 + 4 * Macrophages from spleen or peritoneum were cultured for 2 h and then assayed for binding capacity. Values represent the mean percentage of ceils that bind the given number of EA ± S.D. from duplicate tests on 6 to 12 mice at each period.
Virus titre in spleen
Spleens collected from two mice daily were homogenized individually and titrated for DV. The data presented in Fig. l(e) show that the maximum titre reached was 1.5 log~o LDso and was found on 8 to I0 days post-infection.
Effect on total number of cells
The data summarized in Fig. 2 (a) show a gradual decline in the total number of cells that could be lavaged from the peritoneal cavity, reaching the lowest value on the 5th day. The data Fig. 3 show that in control mice 58 (+ 10)~o of resident peritoneal cells were macrophages on the basis of morphological appearance and phagocytosis of latex particles. The proportion of macrophages gradually decreased as the infection progressed and in moribund mice on the 10th day 15 (+6)~ of the cells were macrophages. A similar decline in the total number of spleen cells was observed, reaching the lowest value on day 10 (Fig. 2b) . In control mice 12 (+4)~ of spleen cells were macrophages; this proportion declined to 3 ( + 1-5)~ on day 10 post-infection.
Effect on Fc-mediated attachment by macrophages
The pattern of Fc-mediated attachment of EA at different periods is presented in Table 1 . In control mice the proportion of cells binding four or more erythrocytes was 80 (+ 8)~. As the infection progressed a significant proportion of the macrophages did not attach any EA, with consequent decrease in the number of cells binding > 4 EA, with the lowest values on day 4. No marked alterations were seen in the proportion of cells attaching one to three EA. A similar pattern was seen with splenic macrophages (Table 1) . 66 +_ 14 27 + 9 5 + 4 80 ___ 4 17 _+ 4 2.5 + 2 10 62 +_ 10 29 + II 11 + 7 87 + 17 12 + 3 1 + 1 Uninfected (control) 37 ± 2 41 ± 11 22 ± 9 58 + 3 35 + 8 7 + 4 * Macrophages from spleen or peritoneum were cultured for 2 h and then assayed for ingestion ability. Values represent the mean percentage of cells that ingest the given number of EA +_ s.D. from duplicate tests on 6 to 12 mice at each period.
Data for the attachment index of splenic and peritoneal macrophages have been summarized in Fig. 4 . It was observed that after an initial fall in the value of the AI at day 1, the values increased with a sharp decline on day 4. At later periods the value of AI increased but remained well below the control values.
Effect on Fc-mediated phagocytosis by macrophages
The findings presented in Table 2 show that in DV-infected mice a large proportion of splenic and peritoneal macrophages did not ingest any EA and there was no improvement in the phagocytic activity of the cells as the infection progressed. Fig. 4 presents the phagocytic index of peritoneal and splenic macrophages which show a pattern similar to that of Fc-mediated attachment at initial periods, with the lowest values seen on day 4.
DISCUSSION
The findings presented here show a sharp decline in the Fc-receptor-mediated attachment and phagocytosis of EA by peritoneal macrophages of mice given DV i.c., reaching lowest values 4 days after infection. Similar findings were observed with splenic cells. At later periods the ability of macrophages to attach EA recovered quickly but significantly less than the controls (P < 0-001). The phagocytic activity continued to be suppressed throughout. A marked reduction of macrophage migration from capillary tubes and a reduction in phagocytosis of neutral red dye and latex particles have been observed from the 4th day in DV-infected mice (Gulati et al., 1982) . A marked reduction in total number of splenic and peritoneal cells was recorded as the virus infection progressed, reaching lowest values 9 or 10 days after infection. This can be compared with the reduction in weight of the spleen, and in the reduced percentage of splenic T lymphocytes earlier reported by Tandon et al. (1979) . A significant reduction in the proportion of macrophages in peritoneal and splenic cells was also observed in the present study.
Increase in Fc-receptor-mediated activity can be induced by various mechanisms. Herpes simplex virus type 1 and cytomegalovirus induce formation of a virus glycoprotein which acts as Fc-receptor, even on non-phagocytic cells (Westmoreland & Watkins, 1974; Keller et al., 1976; Westmoreland et al., 1976; Para et al., 1980) . Another mechanism is mediated by interferon, as seen in lactate dehydrogenase-elevating virus and Newcastle disease virus infection of mice (Hamburg et al., 1978; Lussenhop et al., 1982) . There is no evidence that dengue virus is a good inducer of interferon. Besides this, the results of several experiments show that the migratory and phagocytic functions of DV-infected mice are significantly suppressed (Gulati et al., 1982) . Further, interferon enhances both rosette formation and phagocytosis of EA by macrophages but the data presented here show enhanced rosetting at later periods with suppressed phagocytosis of EA. Therefore, increased Fc-mediated attachment does not appear to be due to interferon production. It is also not due to increased stickiness of the surface of the cells, as they did not attach a greater number of non-opsonized control RBC.
Functional defects, including impaired phagocytosis by murine macrophages, have been observed in influenza, Sendai and cytomegalovirus infections (Sawyer, 1969; Jakab et al., 1980; Shanley & Pesanti, 1982) . In Sendai virus-infected mice maximum suppression of Fc-mediated ingestion of EA by alveolar macrophages is seen 7 days after virus infection , whereas in DV-infected mice it is seen on the 4th day. The initial drop in AI and PI at 24 h after DV inoculation i.c. is similar to that seen at 18 h in mice given Newcastle disease virus intravenously (Donahoe & Huang, 1976) . In the later case, however, phagocytic activity recovered in the next 16 h and remained at higher levels. Oliver & Berlin (1976) have suggested that the functional assay for Fc-receptor activity is not simply a measure of the existence of receptors, but also of their ability to move within the cell surface. Consequently the apparent loss of Fc-receptors could be due to their effective immobilization and the increase could be the result of movement of Fc-receptors in clusters. Findings similar to those observed in the present study have been observed in mice given dengue virus-induced cytotoxic factor intravenously (Nagar et al., 1983) . We have observed that the cytotoxic factor (CF) kills all susceptible splenic cells in vitro (Chaturvedi et al., 1980 (Chaturvedi et al., a, b, 1981 and the cells that are not killed are adversely affected functionally (Chaturvedi et al., 1981b Gulati et al., 1982) . The defective functioning of macrophages from the 4th day after DV infection in the present study is associated with the presence of CF in the spleens and sera of mice (Chaturvedi et al., 1980a) . Therefore, the sharp drop in AI and PI values may be due to killing or functional impairment of susceptible cells.
The mechanism by which DV infects macrophages includes the ingestion of virus-antibody complexes through Fc-receptors. DV-immune complexes become irreversibly attached to the monocyte surface within 5 min and the attached virus can be neutralized up to 30 rain Halstead, 1982) . In the absence of phagocytosis, DV may continue to remain attached to the cell surface and thus exposed to the action of neutralizing antibody. Further studies are needed to elucidate this point.
